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INTRODUCTION: 


Tumor development is typically accompanied by changes in the way cells interact with their 
environment, and how signals are transduced from the cell membrane to the cell nucleus. Among 
the hundreds of genes involved in signal transduction and the cellular response to external stimuli, 
only few genes have yet been identified as being aberrantly expressed in breast cancer and then- 
expression pattern could be related to tumor growth. 

Aberrant expression of various receptor or cytosolic tyrosine kinase genes and their 
hyperexpression, in particular, are common phenomena in breast cancer, where this is believed to 
alter cell growth and response to external signals such as growth factors, hormones etc. Knowledge 
about the level of expression of many tyrosine kinase genes at the same time would contribute 
significantly to a better understanding of the processes of oncogenesis and tumor progression. 
However, many presently used techniques measure the expression of only one or two genes. Thus, 
they are likely to miss an important correlation between the spatial or temporal expression of several 
genes and tumor stage, its chances to progress to a more malignant invasive phenotype or the 
chances of metastasis and recurrence. 

The present project targets development of a novel assay format that allows to determine the 
level of expression of many different genes. Our rapid assay will use innovative DNA micro-arrays 
carrying small amounts of individual tyrosine kinase gene-specific targets to simultaneously 
determine the expression level of up to 100 tyrosine kinase genes using a small number of cells. 
Three years of research and development will lead to a set of gene-specific markers to describe 
breast cancer progression and a simple device capable of performing inexpensive expression 
profiling of these markers. 

Research and development efforts in the first year of this 3-year project focussed on the design 
and test of robotic instruments to prepare the DNA micro-arrays, the preparation of prototype 
arrays carrying a pre-existing set of tyrosine kinase gene fragments to optimize hybridization and 
detection protocols as well as the molecular cloning and sequencing of breast cancer-specific 
tyrosine kinase gene transcripts. 
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BODY: 


To extend our pre-existing panel of tyrosine kinase genes and to identify tyrosine kinase (tk) 
genes expressed in normal and neoplastic breast tissues, we prepared cDNAs from eleven cell lines 
including the six commonly available established cell lines ZR7S, SKBR3, BT474(2 different 
cultures), BT468, BT549, and MCF-7(2 different cultures). The cDNA’s were prepared by reverse 
transcription using an oligo-(dT) primer and a commercial kit (Promega Inc.). Furthermore, RNA 
isolated from five phenotypically well characterized cell lines was provided by Dr. P. Yaswen and 
Dr. M. Stampfer, LBNL. 

These latter cell lines were the epithelial breast tissue line ‘184’ and its derivatives: 

184 - a breast epithelial cell line with finite life span 

184B5 - an immortalized non-tumorigenic derivative 

184B5 Me - an anchorage-independent derivative of 184 B5 

184A1 - a non-tumorigenic immortal variant which shows no anchorage-independent growth 

184A1TH - a tumorigenic anchorage-independent derivative of 184A1 that arose after large 

SV40 T-antigen and H-ras transformation 

We began to clone and characterize the tk genes expressed in seven of the eleven cell lines. Using 
mixed base oligonucleotides specific for conserved domains in the catalytic domains of tk genes in 
the PCR assays, we amplified specifically -160-170 bp fragments of expressed tk genes. We then 
size selected and cloned teh PCR products into a suitable plasmid vector (pAmpl) using 
commercially available kit (UDG cloning kit; Gibco/Life Technologies). Ampicillin resistant clones 
were picked from agar plates and their insert sizes were determined by agarose gel analysis of PCR 
products generated with vector-specific PCR primers. DNA was isolated from the clones, bound to 
filters and prescreened with probes prepared from known tk genes. As of August 28, 2000, we had 
172 tk fragment clones derived from breast cancer cell lines and about 250 tk fragment clones from 
studies of radiation-induced thyroid cancers in the prescreening and sequencing steps. Following the 
pre-screening with known tk fragments, we performed cDNA sequencing and database searches and 
added novel clones to the panel of expressed tk gene fragments. DNA isolated from this panel of tk 
gene fragments is then arrayed and printed onto glass slides or nylon filters to measure tk gene 
expression in cell lines, normal and tumor tissues. 

During the report period, we finished the construction and test of a robotic system capable of 
printing DNA microarrays with about 100 different sequences on glass slides. The arrayer 
(Fig. 1) can print on up to 91 slides in a single run. Typically, we print approximately 50 slides 
per run, with duplicate arrays on each slide. The stainless steel printing pin has an open slit in the 
tip cut by 0.001 inch Electrical Discharge Machining (EDM) wire - a tool commonly employed 
in precision semiconductor manufacturing. Each loading takes up approximately 1 pi and allows 
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continuous printing of more than 100 dots due to the capillary function. A full 384-well plate of 
DNA samples can be arrayed onto 50 slides (in duplicate) in 8 hrs, including the time needed for 
repeated wash and drying steps in each printing cycle. This arrayer can print more complex DNA 
arrays in the same time frame if more printing pins are installed. For example, 12,288 clones can 
be printed in the same time interval with 32 pins loaded in the print head. When the DNA is 
dissolved at a concentration of 250ng/p.l in 50% dimethyl sulfoxide (DMSO) printing solution, 
spot diameters on poly-l-lysine coated slides range from 80-125 pm. The arrayer has an precision 
of approximately 15 pm, therefore, an array with 200pm center-to-center is sufficiently spaced. 

The fabrication of tyrosine kinase (tk) cDNA arrays on glass slides was done in house using the 
above mentioned DNA micro-arrayer. Standard microscope glass slides were thoroughly cleaned 
with concentrated sodium hydroxide and ethanol before coating with poly-l-lysine. These two 
chemical steps provided a positively charged layer to bind DNA to the slides. The coated slides 
were stored in closed slide boxes two weeks before they were used for printing. This “aging” 
process proved to promote surface chemistry of the slides for better array spot morphology. We also 
evaluated surface treated slides for DAN micro-array printing from different vendors, but concluded 
that in house prepared poly-L-lysine coated slides showed superior DNA binding and lowest levels 
of autofluorescence. 

The printed slides were subjected to post printing processing. The locations of arrays were marked 
on the reverse side of the slide with diamond marker pen since the array will become invisible after 
processing. The slides were placed up side down in re-hydration chamber filled with IX SSC. 5-15 
minutes (depending on the size of the array) were allowed for array to re-hydrated until spots were 
glistening but care should be taken not to allow spots to swell too much and run into each other. 
Hydrated slides were placed on a heat plate pre-set to 70 °C for 3 seconds to snap-dry the array. 
These slides were then cross-linked by an UV cross linker (such as Stratalinker 1800 or 2400, 
Stratagene Inc.) at 65 mJ. Cross-linking was optional, however, it did promote the bonding of DNA 
onto the poly-l-lysine coating. After cross-linking, slides were incubated in a blocking solution 
consisting of 0.21M succinate anhydride in l-methyl-2-pyrrolidinone, 0.06M sodium borate for 20 
minutes (pH=8). A boiling water bath was prepared during this time, and the slides were denatured 
in the boiling water for 2 minutes after blocking by quickly plunging up and down. The denatured 
arrays were then submerged in a 95% ethanol bath with plunging up and down for 1 minute. This 
step de-hydrated the denatured DNA and allowed them to remain single-stranded. An immediate 
centrifuge at 500 rpm for 5 minutes was performed to remove any trace ethanol or water. The arrays 
were then ready for hybridization. 

Quality control for the tk arrays was monitored throughout the tk array fabrication process. Since 
dust can be a major source of background fluorescence, a dust-reduced printing and processing 
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environment minimiz ed these interfering particles and reduced background. All reagents used for 
prin ting and coating of slides were prepared fresh and filtered. Before post-printing processing of 
the arrays, morphology of the spot and DNA distribution within the spots were examined with 
DAPI staining and visualized in a Zeiss fluorescence microscope. After post-printing processing, 
arrays were stained with POPO-3 dye (0.01 mM) and scanned at Cy3 channel to ensure the 
retention of DNA on the arrays for hybridization. 

A Zeiss Axioplan II Mot fluorescence microscope was programmed to acquire an fluorescence 
image of arrays of 10x10 spots in 9 image frames. Image stitching and processing were automated 
by macros to show details of spots with 1 micron resolution. While being less sensitive than 
commercial DNA microarray scanners, the system is being used routinely for quality control of 
each batch of new arrays. 

To facilitate printing of DNA on nylon filters for recombinant clone screening, we designed a 
printing tool that can be mounted on the Beckman Biomek 1000 robot in our laboratory. The tool 
(Fig.2) can hold up to 32 steel pins arranged so that they fit directly into the wells of a 384-well 
microtiter plate. The slotted pins (purchased from V&P Scientific, San Diego, CA) carry about 50 nl 
of liquid. The entire volume is deposited in one spot on a positively charged nylon filter. The pins 
needs to be refilled prior to each print step. In between DNA samples, the print pins are washed 
thoroughly and blot dried. The system is capable to array a 96 well microtiter plate in a little more 
than 1 hour spotting all 96 wells in duplicate and printing three such micro-arrays. We presently 
compare the sensitivity of hybridization to the filter bound arrays with the results obtained with 
glass bound arrays. 

It was necessary to adjust hybridization and wash conditions to obtain specificity and reduce 
background fluorescence to a level where quantitative information could be obtained. The slides 
were placed inside hybridization chambers with cover glass fastened tightly by clamps. Multiple 
drops of 3xSSC were added around the arrays on the slide to maintain the humidity and prevent 
drying of hybridization solution. Hybridization was performed under glass coverslips overnight at 
65 °C. The arrays were then washed in 3 changes of wash solution (lxSSC+ 0.03% SDS) at room 
temperature for 5 minutes, 0.2xSSC at room temperature for 1 minute, and then 0.2xSSC at 50 °C 
for 1 minute. After the washes, the slides were dried immediately by centrifugation at 500 rpm for 5 
min before scanning. Currently, sample preparation and hybridization procedures have produced 
signal to background (noise) ratios of approximately 30 (in green channel) to 40 (in red channel). 
This dynamic range can be further improved by the reduction of background fluorescence. 

We also began to develop algorithms for array readout and comparisons between measurements. 
An Axon GenePix 4000 (Axon Inc.) array scanner was used to acquire all images. This scanner has 
a preview resolution of 40 pm and a scanning resolution of 10 pm. PMT power can be adjusted by 
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the user during previewing to optimize the signal intensity. GenePix 3.0 (Axon Inc.), an image 
acquisition software, was used to analyze the acquired images and to provide numerical data that 
can be imported into spreadsheets for further analysis. For display purposes, the images can be 
saved in standard formats and imported into common graphics programs such as Adobe Photoshop. 

The performance of the system was tested by hybridization of fhiorochrome-labeled tk gene- 
specific PCR fragments onto the tk-specific DNA micro-arrays. These preliminary experiments 
allowed us to optimize hybridization and wash conditions, and to generate data regarding the 
relative level of gene expression. For example, when hybridizing a combination of Cy3-labelled tk 
fragments prepared from cell line 181A1 and Cy5-labelled tk fragments prepared from cell line 
181A1TH to a DNA micro-array carrying 58 tk gene fragments, scanning the array and displaying 
Cy3 fluorescence signals in green and Cy5 signals in red, difference between the cell lines became 
apparent (Fig.3). Genes expressed at higher a level in 181A1TH cells lead to increased green signals 
on the array, while those genes whose expression level is lower in 181A1TH cells compared to 
181A1 cells generated spots that exhibited stronger red fluorescence (Fig.3). The image in Fig.3 
shows the hybridization results using 2 almost identical micro-arrays. Each 67 spot array carries 58 
tk gene fragments, six Cy3- or Cy5-labelled control DNAs and three spot carrying housekeeping 
genes. The upper array in Fig.3 lacks a few spots, most likely due to surface inhomogeneities. This 
problem did not recur in more recent printing runs. The position of four clones in the second row of 
the arrays was switched. This, however did not affect the analysis. 

The Genepix software provided quantitative information about CY3 and CY5 fluorescence 
intensities for each of the spots, which allowed us to calculate fluorescence intensity ratios. Table 1 
(Appendix 1) lists the fluorescence intensity values for each spot (except the controls). The spots are 
identified by the tk fragment clone number, each of which is specific for a particular tyrosine kinase. 
Table 1 also lists the values after background subtraction and normalization (Cy5 norm., Cy3 
norm.), the CY3/Cy5 ratio of each spot that showed sufficient hybridization intensity as well as an 
average ratio printed in bold. In our preliminary analysis, we defined gene as being up-regulate or 
down-regulated in the tumorigenic cell line when the average Cy3/Cy5 ratio exceeded 2.0 or fell 
under 0.4, respectively. Using these arbitrary cut-off values, we found eight genes with altered 
expression in 181A1TH. The expression of three gene appeared down-regulated, while five genes 
appeared up-regulated in the large T antigene/H-ras transformed cells. The eight genes represent 
various receptor tyrosine kinase genes, among them members of the family of ephrin receptor. This 
makes sense, since some ephrin receptors have been shown to be involved in cell adhesion and cell¬ 
cell interaction. We will performed RNA in situ hybridization experiments with differently labeled 
cDNA probes to confirm these results prior to publication. 
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KEY RESEARCH ACCOMPLISHMENTS: 


• Finished the construction and test of a robotic system to prepare DNA micro-arrays on glass slides 

• Finished the design, assembly, programming and test of a robotic system to prepare DNA micro¬ 
arrays on nylon filters 

• Finished the design and programming of a microscope-based digital imaging system to acquire high 
resolution images for quality control of fluorescently stained DNA micro-arrays 

• Molecularly cloned cDNA preparations enriched in tyrosine kinase gene fragments in plasmid 
vectors, commenced insert sequencing and expanded the panel of tyrosine kinase genes used for 
expression profiling 

• Demonstrated the feasibility of tk gene expression profiling after RT-PCR using breast cancer cell 
lines 

• Demonstrated tk gene expression changes as breast epithelial cells become tumorigenic and grow 
anchorage-independant 


REPORTABLE OUTCOMES: 
manuscripts 

1. K.M. Greulich, L. Kreja, B. Heinze, A. P. Rhein, H.-U.G. Weier, M. Bruckner, P. Fuchs, M. Molls 
Rapid detection of radiation-induced chromosomal aberrations in lymphocytes and hematopoietic 
progenitor cells by M-FISH. Mutation Res 452:73-81 

2. Weier, H.-U.G., Munne, S., Lersch, R.A., Hsieh, H.B., Smida, J., Chen, X.N, Korenberg, J.R., 
Pedersen, R.A., Fung J. (2000) Towards a Full Karyotype Screening of Interphase Cells: ‘FISH and 
Chip’ Technology. Molecular and Cellular Endocrinology (submitted) 

- presentations 

1. Hsieh, H.B., Weier, H.-U.G. “DNA Microarray for Gene Expression Profiling of Human Tumors”, 
Seminar in Academia Sinica, Taiwan, Jan 6, 2000. 

2. Hsieh, H.B., Weier, H.-U.G. “Expression Profiling of Tyrosine Kinase Genes by FISH and 
Chips”, The Histochemical Society 51th Annual Meeting, New Orleans, LA, March 24-26,2000. 

3. Hsieh, H.B., Weier, H.-U.G. “Kinase Gene Expression Profiling-Instrumentation & Prototype 
Setup”, Oral presentation in Coming Inc., Coming, NY, May 8,2000. 

4. Hsieh, H.B., Weier, H.-U.G. “Kinase Gene Expression Profiling in Human Tumors”, Subcellular 
Structure Department Seminar, Life Science Division, E.O. Lawrence Berkeley National 
Laboratory, May 10,2000. 

5. Weier, H.-U.G. (2000) Towards a Full Karyotype Screening: SKY, chip technology. Third 
International Symposium on Pre-Implantation Genetic Analysis. Palazzo di Congressi, 

Bologna, Italy, June 22-23, 2000. 
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funding obtained 


U.S. Department of Defense Prostate Cancer Research Program, ‘Tyrosine Kinase Gene Expression 

Profiling in Prostate Cancer’, New Investigator Award, H.-U. Weier (P.I.), 4/01/00-3/31/03 

CONCLUSIONS: 

This 3-year IDEA project is well on track and, although most of its initial milestones were to be met 
after 18 months, the preliminary results have already proven the hypothesis that changes in tk gene 
expression can be monitored by a combination of PCR using tk gene family-specific primers and DNA 
micro-arrays. The soft- and hardware components necessary for these studies were put in place in the 
first year. Concordant with the timeline presented in the original proposal, research and development in 
the second year will focus on finishing the definition of the panel of genes to be profiled, thorough 
studies of assays reproducibility and sensitivity, and application of the technology to clinical specimens. 
While the hybridization to the DNA micro-array appears to possess the required specificity, second year 
research will also address the issues of hybridization background reduction and definition of a suitable 
reference DNA probe. 
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progenitor cells by M-FISH. Mutation Res 452:73-81 

5. Weier, H.-U.G., Munne, S., Lersch, R.A., Hsieh, H.B., Smida, J., Chen, X.C., Korenberg, J.R., 
Pedersen, R.A., Fung J. (2000) Towards a Full Karyotype Screening of Interphase Cells: ‘FISH and 
Chip’ Technology. Molecular and Cellular Endocrinology (submitted) 
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Appendix 1 



Figure 1: This DNA micro-arrayer built in our laboratory allows to print duplicate arrays on 
up to 91 slides. When in operation, the instrument is enclosed to maintain a mostly 
dustfree enviroment with controlled humidity. 


Figure 2: This DNA 
micro-arrayer tool fits onto 
our Beckman Biomek 
1000 laboratory robot. Its 
32 pin capacity allows 
rapid printing on glass or 
nylon membranes directly 
out of 384 well microtiter 
plates. Each pins carries 
about 50 nanoliters of 
liquid. 
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Appendix % 


Figure 3: Hybridization of PCR- 
amplified tyrosine kinase DNA 
fragments onto a duplicate 67 spot 
DNA micro-array. 
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Table I: Tyrosine kinase gene expression levels in breast cancer cells lines 




ARRAY1 

Cy5 

Cy3 

Cy3/Cy5 


ARRAY2j Cy5 

Cy3 

Cy3/C 

Av. 

Comment 


Target 

cys. 

Cy3 

norm. 

norm. 

ratio 


Cy5 

Cy3 

norm. 

norm. 

ratio 

ratio 



Ron-Cy3 

control 
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HPRT-Cy3 

control 












egression 


NCF7-CY3 

control 





J 







level 


316/77 

11361 

3346 

3120 

1386 

0.44 


11711 

3126 

3163 

1010 

0.32 

0.38 

down 


316/151 

6306 

3816 

1627 

1899 

1.17 


4363 

3195 

978 

1274 

1.30 

1.23 



316/120 

10402 

5487 

2852 

3583 

1.26 


9281 

4626 

2430 

2609 

1.07 

1.16 



289/33 

9647 

6614 

2628 

4672 

1.78 


7550 

5829 

1911 

3611 

1.89 

1.83 



289/34 

9131 

4080 

2478 

2006 

0.81 


9117 

3704 

2357 

1419 

0.60 

0.71 



289/233 

2357 

3148 

474 

1071 

2.26 


2571 

2961 

399 

641 

1.61 

1.93 



289/78 

5804 

4211 

t 1483 

1789 

1.21 

I 

7431 

3770 

1837 

1598 

0.87 

1.04 



289/38 

| 3276 

5089 

740 

2786 

3.76 


2893 

3845 

455 

1801 

3.96 

3.86 

up 


289/85 

; 7333 

3350 

1964 

920 

0.47 

j 

7848 | 

3000 

1920 

791 

0.41 

0.44 

down 


289/50 

13618 

3923 

| 3834 

1787 

047 


9565 

3628 

| 2572 

1445 

0.56 

0.51 



289/293 

8262 

8168 

2229 

5889 

2.64 

| 

5942 

5748 

1475 

3501 

2.37 

2.51 

up 


289/46 

9886 

5314 

2706 

3120 

r 115 

i .. 

h 

7579 

4508 

1936 

2294 

1.18 

1.17 



316/181 

14547 

4568 

4047 

2390 

L___ 

0.59 

i 

7584 

.3416 

1924 

1235 

0.64 

0.62 



182/106 

12030 

6049 

{3299 

3882 

.1.18 


7879 

3843 

1981 

1682 

0.85 

0.42 



289/119* 

14126 

5088 

3904 

12935 

0.75 

j 

10798 

5836 

| 2829 

3719 

1.31 

1.15 



289/22 

3666 

2981 

8 

00 

785 

0.98 


6442 | 

3619 

1482 

1427 

0.96 

1.00 



316/70 

7947 

4248 

2081 

2142 

1.03 


9154 

5140 

2268 

2866 

1.26 

1.22 



289/152 

3696 

3505 

829 

1265 

1.53 


3524 

3478 

557 | 

989 

1.78 

"l .65 




* Cross-contamination between clones 289/119 and 289/61 in Array 2. 
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Table 1 ontinued 




ARRAY1 

Cy5 

Cy3 

Cy3/Cy5 

Target 

Cy5 

Cy3 

norm. 

norm. 

ratio 

316/178 

11609 

6516 

3190 

4090 

1.28 

316/160 

8946 

4822 

2356 

2283 

0.97 

289/357 

10674 

6284 

2894 

3730 

1.29 

316/137 

15537 

4082 

4378 

2141 

0.49 

182/138 

12367 

5827 

3431 

3683 

1.07 

182/151 

7193 

6615 

1892 

4300 

2.27 

289/382 

2844 

3300 

568 

1031 

1.82 

289/267 

10079 

3912 

2668 

1629 

0.61 

289/44 

10134 

5151 

2684 

2945 

1.10 

182/79 

6315 

4486 

1504 

2189 

1.46 

316/18 

9994 

5800 

2590 

3429 

1.32 

316/61 

6853 

4776 

1651 

2364 

1.43 

289/131 

8146 

3626 

2059 

1149 

0.56 

289/84 

5423 

4538 

1248 

1979 

1.59 

289/113 

6108 

4117 

1447 

1599 

1.10 

289/257 

2025 

2666 

340 

701 

2.06 

289/53 

7047 

4947 

1823 

2863 

1.57 

289/247 

2970 

3722 

603 

1461 

2.42 

289/353 

5537 

4437 

1350 

1907 

1.41 

182/41 

3797 

3600 

803 

1108 

1.38 

289/61* 

9996 

7179 

2632 

4788 

1.82 

289/184 

4849 

3073 

1038 

696 

0.67 

289/18 

3593 

3713 

651 

1272 

1.95 

316/232 

5385 

3504 

1175 

1042 

0.89 

289/476 

6165 

3523 

1393 

1274 

0.91 

289/39 

6961 

4374 

1624 

2210 

1.36 

289/49 

5396 

3069 

1160 

905 

0.78 

316/39 

8895 

4593 

2388 

2679 

1.12 

316/103 

4359 

4095 

1028 

2071 

2.01 

316/91 

5478 

3720 

1353 

1552 

1.15 

404/007 

11173 

5909 

3032 

3564 

1.18 

404/008 

9996 

5161 

2664 

2910 

1.09 

404/027 

1188 

2557 

9 

278 


404/032 

1321 

2251 

6 

-208 


404/053 

1331 

2600 

-1 

109 


404/174 

1511 

2302 

36 

-47 


289-157 

5108 

3306 

1019 

1105 

1.08 

289-176 

1528 

1943 

-19 

-68 


289-187 

1528 

2050 

4 

-5 


404-19 

833 

1850 

-3 

0 


430/1 

964 

2078 

8 

-5 


433/2 

1032 

2280 

15 

33 


436/2 

1031 

2135 

-2 

-19 


arg-CY3 

control 






BH281CY3 control 
Bh258CY3 control 



ARRAY2 

Cy5 

Cy3 

Cy3/Cy 

Av. 

Expression 

Cy5 

Cy3 

norm. 

norm. 

ratio 

ratio 

level 

11663 

6283 

2978 

3749 

1.26 

1.27 


6113 

3753 

1252 

1315 

1.05 

1.01 


7910 

4875 

1738 

2292 

1.32 

1.30 


7230 

3386 

1828 

1221 

0.67 

0.58 


5626 

3814 

1309 

1602 

1.22 

1.15 


4629 

4286 

976 

1993 

2.04 

2.16 

up 

2720 

3076 

377 

739 

1.96 

1.89 


8958 

3746 

2208 

1318 

0.60 

0.60 


6224 

3771 

1352 

1387 

1.03 

1.06 


5407 

3880 

1064 

1558 

1.46 

1.46 


7069 

4283 

1509 

1965 

1.30 

1.31 


5032 

4122 

870 

1574 

1.81 

1.62 


6939 

2816 

1423 

284 

0.20 

0.38 

down 

4338 

3675 

579 

1122 

1.94 

1.76 


4612 

3456 

602 

691 

1.15 

1.13 


2316 

3116 

413 

1015 

2.46 

2.26 

up 

5394 

4371 

1231 

2146 

1.74 

1.66 


3129 

3701 

507 

1395 

2.75 

2.59 

up 

4774 

3612 

974 

1173 

1.20 

1.31 


4033 

3398 

715 

893 

1.25 

1.31 


4605 

3869 

861 

1336 

1.55* 

1.68 


5491 

3120 

1061 

724 

0.68 

0.68 


4295 

3448 

631 

1012 

1.60 

1.78 


5634 

3548 

969 

836 

0.86 

0.87 


5553 

3572 

902 

882 

0.98 

0.95 


7062 

4645 

1298 

1840 

1.42 

1.39 


11219 

4841 

2401 

1941 

0.81 

0.79 


8518 

4485 

2224 

2481 

1.12 

1.12 


3852 

3625 

761 

1337 

1.76 

1.89 


4574 

3560 

916 

1176 

1.28 

1.22 


8398 

4684 

2026 

2209 

1.09 

1.13 


7352 

4307 

1664 

1696 

1.02 

1.06 


6694 

3929 

1452 

1309 

0.90 

0.45 


3727 

3437 

503 

840 

1.67 

0.84 


6080 

4244 

1179 

1627 

1.38 

0.69 


3605 

3253 

384 

577 

1.50 

0.75 


6374 

4053 

1141 

1345 

1.18 

1.13 


3319 

2459 

170 

-258 


0.00 


3250 

2964 

49 

180 

3.67 

1.84 


6044 

3967 

1453 

1742 

1.20 

0.60 


1408 

2584 

-2 

269 


0.00 


1696 

2814 

46 

457 


0.00 


1512 

2678 

-14 

224 


0.00 



* Cross-contamination between clones 289/119 and 289/61 in Array 2. 
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chromosomal breakpoints and facilitate the identification of the genes involved in radiation tumorigenesis. © 2000 Published 
by Elsevier Science B.V. 


Keywords: Radiation; Chromosome aberrations; Hematopoietic system; Stem cells; mFISH; Chernobyl accident 


1. Introduction 

Fluorescence in situ hybridization (FISH) using 
several differently labeled whole chromosome paint¬ 
ing (WCP) probes has become the method of choice 
for the detection of radiation-induced chromosomal 
aberrations [1-5]. Unstable aberrations such as di¬ 
centric chromosomes can easily be distinguished from 
the stable and thus heritable rearrangements by in¬ 
clusion of centromeric marker probes in the hy¬ 
bridization reaction [6,7]. The steadily increasing 
application of the chromosome painting technique 
for the detection of structural chromosome aberra¬ 
tions (SCAs) in cells following irradiation or expo¬ 
sure to chemical clastogens has also lead to a new 
nomenclature to describe the observed chromosomal 
changes [8,9]. 

There are, however, limitations for the detection 
of SCAs by chromosome painting. Conventional flu¬ 
orescence microscopes used to score aberrations are 
equipped with filter sets that allow to discriminate no 
more than three or four different fluorescent reporter 
molecules [10,11], Consequently, the assays to detect 
SCAs are based on staining a subset of the human 
chromosome set and calculating the total number of 
aberrations per cell by linear extrapolation [3,4,12], 

Recent improvements in detection technology now 
allow an extended number of chromosomes to be 
analyzed simultaneously in the same metaphase 
spread. Two techniques available for the analysis of 
spreads hybridized with 24 different human-specific 
WCP probes are the interferometer based ‘Spectral 
Karyotyping’ (SKY) system [13] and the filter based 
‘multicolor FISH’ (mFISH) approach [14], The SKY 
technology has been applied very successfully to the 
analysis of cytogenetic changes in tumor cells [15,16] 
and, more recently, to the analysis of interphase cells 
[17]. However, the SKY system generates a rather 
large amount of data by measuring complete fluores¬ 
cence spectra for each point in the image [13]. This 
severely limits the system’s throughput, and may 
compromise productivity when analyzing cells popu¬ 
lations with mostly normal and few aberrant cells. 


We studied the filter-based mFISH technique to de¬ 
velop assays that will eventually measure radiation 
damage with high accuracy and allow to predict 
radiation tolerance. 

Metaphase spreads prepared from short term cul¬ 
tures of peripheral blood lymphocytes (PBLs) have 
previously been used in biological dosimetry to study 
radiation effects in vitro [18], Furthermore, FISH on 
PBLs has been used to evaluate assays to determine 
the individual radiosensitivity of radiotherapy pa¬ 
tients [19], Lymphocytes, however, are not the only 
target for radiation damage within the hematopoietic 
system. Hematopoietic stem cells isolated by a colony 
assay have been suggested to be more appropriate 
for elucidating the immediate as well as the late 
effects of radiation exposure [20,21]. However, 
preparations of dividing single hematopoietic pro¬ 
genitor cells [22-24] lack the quality and quantity of 
metaphase spreads to successfully apply conven¬ 
tional cytogenetic techniques, i.e., banding analysis 
[25]. 

We have shown previously that two- or three-color 
FISH can be successfully applied to metaphase 
spreads of single hematopoietic colonies. But since 
the chromosomal damage is a statistical event and 
thus unpredictable in single colonies, a complete 
identification of chromosomes involved in marker 
chromosome formation could not be achieved [25]. 

The present study was initiated to analyze aber¬ 
rant chromosomes in PBLs after in vitro exposure to 
3 Gy photons and in single hematopoietic colonies 
derived from a Chernobyl nuclear accident victim 9 
years after exposure to 5.4 Sv. 


2. Material and methods 

2.1. Lymphocyte cultures 

Heparinized peripheral blood samples from five 
healthy individuals (3 males, 2 females, age range: 
32-35 years) were exposed to single doses of 3 Gy 



KM Greulich et al/Mutation Research 452 (2000) 73-81 


75 


100 % 

90% 

80% 

» 70% 

8 60% 

5 50% 

m 4o% 

55 30% 

20 % 

10 % 

0 % 

ABODE Total 

Blood Donor 

Fig. 1. mFISH analysis of metaphases derived from lymphocytes 
after in vitro exposure to 3 Gy photon irradiation. ‘Absolute 
number of analyzed metaphases per donor. 

irradiation (photons, low LET, 6 MeV, 2.8 Gy/min, 
Siemens MX-2, Germany). Short-term cultures set 
up from the irradiated blood samples as well as from 
non-irradiated controls were cultured for 72 h. 
Metaphase spreads were prepared following a stan¬ 
dard protocol [26], 

2.2. Hemopoietic progenitor cells 

Investigations on radiation-induced, long-term 
persisting SCAs in hematopoietic cells were per¬ 
formed on blood samples from a Chernobyl accident 


victim (male, bom in 1950, patient #1011 in the 
Moscow-Ulm Radiation Accident History Data Base 
(MURAD, [27]). This individual was reportedly ex¬ 
posed to 5.4 Sv during the 1986 accident. Nine years 
after the accident, peripheral blood samples were 
cultured to obtain hematopoietic stem cell colonies. 
Methylcellulose cultures stimulated with recombi¬ 
nant hematopoietic growth factors (interleukin 3, 
stem cell factor and erythropoietin) were set up with 
cryopreserved low density mononuclear PBLs sepa¬ 
rated by a Ficoll gradient (density 1.077 g/ml). Cell 
culture and preparation of metaphase spreads from 
single colonies were performed as described [25]. 

2.3. mFISH experiments 

We applied mFISH [14] to metaphase spreads 
prepared from short term lymphocyte cultures and 
from hematopoietic colonies using the Spectra Vys- 
ion™ system (Vysis, Bergisch-Gladbach, Germany). 
mFISH using commercially available WCP probes 
was performed following the manufacturer’s (Vysis) 
instructions. Hybridized metaphase spreads were an¬ 
alyzed using a computer-assisted fluorescence micro¬ 
scope (Axioplan 2, Zeiss, Gottingen, Germany). The 
images were recorded with a CCD camera (Photo¬ 
metries, Tucson, AZ, USA) and pictures were ana¬ 
lyzed with the Quips SpectraVysion™ Software (Vy- 



Table 1 

Results of mFISH analysis o f metaphases derived 

Number of aberrant chromosomes Fraction 

per metaphase 5^7 


One Chr 
Two Chr 
Three Chr 
Four Chr 
Five Chr 
Six Chr 
Seven Chr 
Eight Chr 
Nine Chr 
Ten Chr 
Eleven Chr 
Twelve Chr 
Thirteen Chr 
Fourteen Chr 
Fifteen Chr 


from lymphocytes after in vitro exposure to 3 Gy 
of metaphases carrying aberrant chromosomes 

Donor B Donor C Donor D 


photon irradiation 


Donor E 


7/78 

28/78 

9/78 

8/78 

8/78 

4/78 

3/78 

3/78 

2/78 

0/78 

1/78 

0/78 

0/78 

0/78 

0/78 


3/55 

21/55 

12/55 

9/55 

7/55 

2/55 

1/55 

0/55 

0/55 

0/55 

0/55 

0/55 

0/55 

0/55 

0/55 


4/68 

28/68 

13/68 

7/68 

3/68 

9/68 

2/68 

2/68 

0/68 

0/68 

0/68 

0/68 

0/68 

0/68 

0/68 


12/88 

29/88 

17/88 

12/88 

6/88 

3/88 

3/88 

1/88 

3/88 

2/88 

0/88 

0/88 

0/88 

0/88 

0/88 


8/82 

32/82 

11/82 

12/82 

10/82 

4/82 

2/82 

1/82 

0/82 

1/82 

0/82 

0/82 

0/82 

0/82 

1/82 


34/371 

138/371 

62/371 

53/371 

34/371 

22/371 

11/371 

7/371 

5/371 

3/371 

1/371 

0/371 

0/371 

0/371 

1/371 
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Number of aberrant chromosomes 
per metaphase spread 

Fig. 2. Number of chromosomes involved in aberrations within a 
single metaphase of in vitro irradiated lymphocytes (3 Gy). The 
mean (in % of metaphases) 4- / — standard deviation observed in 
five healthy individuals is presented (100% = 371 aberrant 
metaphases). 


sis, now distributed through Applied Imaging). On 
average, we analyzed 100 metaphases from the in 
vitro irradiated lymphocytes, and 20 metaphases from 
each non-irradiated control. From the hematopoietic 
progenitor cells, two BFU-E colonies (burst forming 
unit-erythroid) were analyzed by scoring 20 and 26 
metaphases per colony. 

3. Results 

3.1. In vitro irradiated lymphocytes 

Our mFISH analysis of the non-irradiated blood 
samples from five apparently healthy individuals re¬ 
vealed neither structural nor numerical chromosome 
aberrations (data not shown). 

After in vitro exposure to 3 Gy photons, abnor¬ 
malities were found in 56—79% of metaphases pre¬ 
pared from lymphocyte cultures (mean value: 70% 
for all five donors) (Fig. 1). Detailed analysis of 371 



ig. 3 - applied to in vitro irradiated (3 Gy) lymphocytes. For representative radiation-induced chromosomal aberrations, 

e mve ed DAPI-banding pattern, the RGB composite hybridization image and the resulting pseudo-colored mFISH image are shown (A) 
A dicentric chromosome composed of chromosome 4 (pseudo-color: dark blue) and chromosome 9 (pseudo-color: light blue) material (B) 
A centric fragment of chromosome 7 (pseudo-color: yellow), (C) An acentric fragment of chromosome X (pseudo-color: pink), (D) A ring 

c omosome 5 (pseudo-color: purple), and (E) One of the products of a reciprocal translocations involving chromosome 4 (pseudo-color: 
dark blue) and chromosome 18 (pseudo-color: brown). 
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mfteli R H SUl f S analySi f 0f 3 diCentriC chromosorae consisting of an alternating combination of chromosome 17-15-17-15 

Pattem> the RGB C0l0r COmpOSite hybridization ima * e «* *he resulting pseudo-co or d 
hybridization signals for each individual color are shown in single fluorescent color projections. Each chromosome- 

and FRe?htledt“ ^ ‘ C ° mbinati0n ° f flu0reSCent colors ' For exam P le chromosome 17 material has bound red, green 


aberrant metaphases revealed that in 138 cells 
(37.2%) two chromosomes were involved in aberra¬ 
tions. In 194 of 371 spreads (52.3%), between 3 and 
9 chromosomes participated in rearrangements. As 
many as 5 of 371 metaphases (1.3%) (Table 1, Fig. 
2) contained multiple aberrations involving 10-15 


chromosomes. Typical SCAs found in metaphase 
spreads are shown in Fig. 3A—E. We observed unsta¬ 
ble chromosomal aberrations such as dicentric chro¬ 
mosomes (Fig. 3A), centric and acentric fragments 
(Fig. 3B and C), ring chromosomes (Fig. 3D) as well 
as stable chromosomal aberrations (Fig. 3E). In each 



15 T involved ta ■*“» “ 

3 and 4 a centric and an amitrir ’ l J u ’ ’ 19 > 20 ’ 21 > 22 as wel1 as X). This cell earned centric fragments of chromosome 1, 

ch '“' <4;5> ““ “ «** 
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instance, the chromosomes involved in the transloca¬ 
tion could be identified unambiguously in a single 
hybridization experiment. 

An example of a complex chromosomal rear¬ 
rangement is presented in Fig. 4, which also illus¬ 
trates the mFISH analysis procedure. An image 
showing the inverted DAPI banding pattern helped 
us to identify a marker chromosome resembling a 
dicentric chromosome with somewhat regular light 
and dark bands. The display of the five different 
fluorescent images revealed the chromosomal make¬ 
up of this marker, i.e., the origin of the different 
parts of the chromosome. Chromosome 17 material, 
for example, was identified by a unique combination 
of red, green and FRed, e.g., far red, fluorescent 
signals. The profile display showed a calculated 
average fluorescence signal intensity along the axis 
of the chromosome. This dicentric chromosome con¬ 
sisted of material derived from chromosomes 17 and 
15 in an alternating sequence of 17-15-17-15 mate¬ 
rial. This is an example for a cryptic chromosomal 
aberration. 


Fig. 5 represents a metaphase spread in which the 
15 different chromosomes were found involved in a 
very complex radiation-induced karyotype. The chro¬ 
mosomes 1, 3, 4, 5, 8, 10, 11, 14, 16, 18, 19, 20, 21, 
22 as well as chromosome X were found rearranged. 
This cell earned centric fragments of chromosome 1, 
3, and 4, a centric and an acentric fragment of 
chromosome 8, a dicentric chromosome t(4;5) as 
well as the following translocations: t(21;l), t(ll;19), 
t(16;3), t(19;14), t(20;18), t(22;l), t(X;18;X), t(10;X),’ 
and a t(l4;4). 

3.2. In vivo irradiated hemopoietic stem cells 

Analysis of two hematopoietic BFU-E colonies 
derived from a Chernobyl victim showed that the 
application of mFISH is possible even on single 
methylcellulose isolated colonies. In both colonies, 
clonal markers (found in all mitoses from a single 
colony) were identified after chromosome group 
analysis of Giemsa stained slides. 



■ y s alter raaia, on exposure. This karyotype can be described as 44, XY, 17q —, t(20;18;17). 


d 13 ,-f„ 
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From the first colony, 26 images were analyzed. 
Since the micromethod for chromosome preparation 
of hematopoietic stem cells produces a fair amount 
of incomplete metaphases with random loss of chro¬ 
mosomes [24,25], a complete karyotype to define the 
consistent aberrations was assembled by combining 
the results from several metaphases. Fig. 6 shows 
a pseudo-color image of a typical incomplete 
metaphase, which was identified as 44, XY, 17q - , 
t(20p;18q;17q), — D 13 ,— F 20 . All other aberrant 
metaphases of this colony showed the same marker 
chromosome, carried two normal copies of chromo¬ 
somes 13 and one normal chromosome 20. It could 
thus be concluded that this colony was carrying a 
t(20p; 18q; 17q) as well as a deleted chromosome 17q 
as stable, radiation-induced chromosomal aberra¬ 
tions. The resulting complete karyotype of this colony 
is 46, XY, del(17Xq), t(20p; 18q; 17q). 

In the second colony, we identified a marker 
chromosome which consisted of chromosome 4 and 
3 material (data not shown). The resulting complete 
karyotype of this second colony was 46, XY, t(4,3). 

In summary, we were able to confirm by mFISH 
the existence of a clonal marker as suggested by the 
chromosome group analysis (Giemsa staining). The 
mFISH technique allowed us to characterize these 
markers and identify the chromosomes involved in 
their formation. 


4. Discussion 

We have shown that mFISH is suitable to rapidly 
and unambiguously identify radiation-induced chro¬ 
mosomal abnormalities of in vitro irradiated lympho¬ 
cytes and to analyze long term persisting SCAs at 
the hematopoietic stem cell and progenitor cell lev¬ 
els. 

The major advantage of mFISH is the speed of 
the technique, which, in our hands, was about 10 
times faster than classical cytogenetic analysis using 
chromosome banding. The reasons for this were 
several-fold. Probes are commercially available, the 
hybridization proceeds overnight, and slide washes 
and image acquisition are completed within 2 h. 
Furthermore, cytogenetic expertise is very helpful 
but not necessary for the analysis of mFISH experi¬ 
ments. 


The disadvantages are that the technique needs to 
be optimized for the target material in order to obtain 
optimal hybridization quality, and that the results 
need to be double-checked. An example of the per¬ 
formance of the mFISH analysis is shown in Fig. 4 
for a dicentric chromosome. The inverted DAPI- 
banding pattern allows the identification of cen¬ 
tromeres or satellites and helps to check the sug¬ 
gested mFISH results by the means of classical 
cytogenetics. This is important for the analysis when 
only metaphases with 46 centromeres are to be scored 
or the visualization of the centromeres is necessary 
to discriminate between symmetrical and asymmetri¬ 
cal translocations [6], 

Our second approach to control the mFISH results 
looks at single color projections for each fluorescent 
dye included in the hybridization. As can be seen in 
Fig. 4, the computer suggested chromosome 14 ma¬ 
terial (pseudo-color: green) in the middle of the 
displayed chromosome instead of showing the 
pseudo-color blue for chromosome 15. This was due 
to optical and physical properties of the mFISH 
experiments such as limited resolution and domain 
overlap. In situations like this, operator intervention 
is needed to remove ambiguities. 

The results of in vitro irradiated lymphocytes 
(Table 1, Figs. 1-4) show the immense yield of 
information resulting from mFISH experiments and 
the characterization of complex aberrations. Keeping 
in mind that “...it seems no longer possible to 
consider dicentrics and translocations as the only 
significant aberrations... ” and that “... we need to 
consider the ‘hidden complexity’...” [8], the mFISH 
approach appears to be a significant step towards a 
better understanding of radiation-induced chromo¬ 
some changes. The example in Fig. 5 shows that as 
many as 15 different chromosomes can be affected 
by the exposure to 3 Gy of radiation. Such multiply 
damaged metaphases provide proof for the presence 
of the suggested ‘hidden complexity’ [8] which can 
be expected after irradiation. We found between 3 
and 9 chromosomes participating in aberrations in 
52.3% of aberrant mitoses. Thus, it seems likely that 
many radiation induced-aberrations have been over¬ 
looked in the past. 

The results on hematopoietic colonies, which to 
the best of our knowledge represents the first appli¬ 
cation of mFISH to this type of material, showed the 



80 


K.M. Greulich et al. /Mutation Research 452 (2000) 73-81 


involvement of up to three different chromosomes in 
clonal aberrations. There is a high likelihood that 
some of the observed aberrations would have been 
missed by the two- or three-color WCP approach and 
that extrapolation would have yielded different re¬ 
sults [3-5]. 

It recently has been proposed that the presence of 
cells containing clonal aberrations, may have a se¬ 
vere impact on study outcomes when using cytoge¬ 
netic methods for radiation exposure assessments 
and that this justifies their careful evaluation [28], 
Our preliminary results suggest that mFISH enables 
one to investigate the clonality of chromosomal aber¬ 
rations and to proof genomic instability within single 
colonies. 

Furthermore, many cryptic SCAs in cytogeneti¬ 
cally normal appearing metaphases, can now be de¬ 
tected and the chromosomes involved can be identi¬ 
fied. Nevertheless, it has to be noted that mFISH will 
not detect all SCAs: small insertions or transloca¬ 
tions with a size below the detection limit of mFISH 
[14] or inversions might be missed. 

The idea to apply mFISH for ‘biological dosime¬ 
try’ as it has been done previously with the two- or 
three-color WCP FISH is quite intriguing. This ap¬ 
proach would help to obtain detailed information 
about SCAs caused by accidental or therapeutic radi¬ 
ation exposure and help to improve biological radia¬ 
tion dose estimates. 

Furthermore, mFISH might facilitate the search 
for a genetic cause of the variation in the response of 
patient tissue to radiotherapy. Eventually, this could 
lead to the development of predictive assays for the 
normal and neoplastic tissue reactions, which might 
permit to tailor radiotherapy protocols to individual 
patients [19]. 
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Summary 

Numerical chromosome aberrations are incompatible with normal human development. Our 
laboratories develop hybridization-based screening tools that generate a maximum of cytogenetic 
information for each polar body or blastomere analyzed. The methods are developed considering 
that the abnormality might require preparation of case-specific probes and that only one or two 
cells will be available for diagnosis, most of which might be in the interphase stage. 

Furthermore, assay efficiencies have to be high, since there is typically not enough time to repeat 
an experiment or reconfirm a result prior to fertilization or embryo transfer. Structural alterations 
are delineated with breakpoint-spanning probes. When screening for numerical abnormalities, 
we apply a Spectral Imaging-based approach to simultaneously score as many as ten different 
chromosome types in individual interphase cells. Finally, DNA microarrays are under 
development to score all of the human chromosomes in a single experiment and to increase the 
resolution with which micro-deletions can be delineated. 


Key Words 

cytogenetics, chromosomes, hybridization, FISH, DNA microarrays, digital image analysis 
(blastomeres) 
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Introduction 

Carriers of balanced translocations have an elevated risk of producing aneuploid germ cells due 
to disturbed homologue pairing. The resulting partial or total aneusomies lead to spontaneous 
abortions, stillbirth or severe deficiencies and disease. Assisted reproductive technology now 
offers couples at risk several diagnostic approaches to reduce the risk of carrying an affected 
fetus. If the woman carries the abnormality, first polar bodies can be analyzed immediately after 
oocyte harvest. Following in vitro fertilization, pre-implantation genetic analysis (PGD) can be 
performed on individual blastomeres biopsied from 3 days old embryos. Since most of the 
embryonic cells will be found in interphase stage, the diagnostic approach will have to work 
reliably with either the less condensed chromatin in interphase cell nuclei or the highly 
condensed DNA in polar bodies (PB’s). 

Our collaborating laboratories have long been involved in the development of nucleic acid 
hybridization-based procedures for the rapid detection of structural and numerical chromosome 
abnormalities. Here, we report the present state of hybridization-based technologies for 
interphase cell analysis in PGD. Since only one or two cells are available for analysis, our 
approaches are geared towards obtaining a maximum of cytogenetic information per experiment. 
Material and Methods 

For more than a decade, our laboratories have been involved in the development of technologies 
for analysis of interphase and metaphase cells. In collaboration with scientists at the University 
of California, San Francisco, and the St. Barnabas Medical Center, Livingston, researchers at the 
E.O. Lawrence Berkeley National Laboratory study the chromosomal composition of blasto¬ 
meres with regard to numerical as well as structural aberrations. The technical aspects of our 
probe preparation and multicolor detection protocols have been published previously (Weier et 



Weieretal.: FISH and Chips 


page - 4 - 


al., 1994; Jossart et al., 1996; Cassel et al., 1997). 

A major goal of our technical developments is to maximize the number of chromosomal targets 
that can be scored simultaneously. Briefly, probes specific for repeated DNA on chromosomes 
15, X, and Y purchased from Vysis (Downers Grove, IL) were labeled with either a green or red 
fluorochrome (Spectrum Green or Spectrum Orange, respectively). The probes specific for 
chromosome 9,13,14,16,18,21, and 22 were prepared in house and labeled by random priming 
(BioPrime Kit, GIBCO/LTI, Gaithersburg, MD) incorporating biotin-14-dCTP (part of the 
BioPrime Kit), digoxigenin-11-dUTP (Roche Molecular Biochemicals, Indianapolis, IN), 
fluorescein- 12-dUTP (Roche Molecular Biochemicals) (Weier et al., 1995), or Cy3-dUTP 
(Amersham, Arlington Heights, IN). Bound biotinylated probes were detected with avidin-Cy5, 
and bound digoxigenin-labeled probes were detected with Cy5.5-conjugated antibodies against 
digoxin (Sigma, St. Louis, MO). Between 0.5 and 3 pi of each probe along with 1 pi human 
COT1™ DNA (1 mg/ml, GIBCO/LTI) and 1 pi salmon sperm DNA (20 mg/ml, 3'-5', Boulder, 
CO) were precipitated with l pi glycogen (Roche Molecular Biochemicals, 1 mg/ml) and 1/10 
volume of 3M sodium acetate in 2 volumes of 2-propanol, air dried and resuspended in 3 pi 
water, before 7 pi of hybridization master mix [78.6% formamide (FA, GIBCO/LTI), 14.3% 
dextran sulfate in 2.9x SSC, pH 7.0 (lx SSC is 150 mM NaCl, 15 mM Na citrate)] were added. 
This gave a total hybridization mixture of 10 pi. 

All blastomeres used in the probe developments were obtained from embryos donated by 
patients enrolled in the IVF Programs of The University of California, San Francisco, or The 
Institute for Reproductive Medicine and Science of Saint Barnabas Medical Center. In 
accordance with guidelines set by the internal review boards of these Medical Centers, written 
consent was obtained from the patients in each case. Embryo biopsies and blastomere fixations 
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were carried out as described (Munne et al. 1994a, 1996). As indicated below, embryos used for 
some studies had arrested development or were morphologically abnormal. 

Results and Discussion 

Traditional filter-based microscope systems limited fluorescence in situ hybridization (FISH) 
experiments to the simultaneous use of typically no more than 3-5 differently labeled probes for 
interphase analysis (Munne and Weier, 1996). This is sufficient to detect structural alterations in 
interphase and metaphase cells or score a few chromosomes in interphase cells (Munn6 et al., 
1994, 1996; Munne and Weier, 1996). We prepared case-specific breakpoint-spanning probe 
contigs to identify intrachromosomal rearrangements such as inversions or deletions (Cassel et 
al., 1997). The same approach can be used to demonstrate interchromosomal rearrangements 
such as reciprocal translocations (Munne et al. 1998a; Weier et al. 1999; Fung et al. 1999). The 
case-specific probes allow one to discriminate between a normal karyotype, aneuploid cells, and 
a balanced karyotype carrying the derivative chromosomes. A less time consuming and, thus, 
less expensive approach using DNA probes that bind distal to the respective breakpoints can only 
be used to count the number of chromosome copies and thus cannot discriminate between the 
normal and the balanced karyotypes (Munne et al., 1998b). 

Detection of structural chromosome aberrations 

Our scheme for the detection of structural alteration is based on the preparation and hybridization 
of two differently labeled DNA probes that bind on both sides of the respective chromosome 
breakpoints (Cassel et al., 1996). One probe will be detected in the green fluorescence 
wavelength interval, while the second probe is made such that it fluoresces red. Normal 
homologues lack the rearrangement and the probes produce large hybridization domains that 
appear either red or green in the fluorescence microscope. At the same time, we counterstain the 
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DNA with 4, 6-diamino-2-phenylindole (DAPI) which fluoresces blue under ultraviolet light 
excitation. If the cell contains a derivative chromosome, the hybridization result will show a 
red/green associated or partially overlapping signal indicative of the translocation event. Thus, 
we detect structural alteration and score homologues at the same time. 

Our work is greatly facilitated by access to resources created in the course of the International 
Human Genome Sequencing Project, such as large insert genomic DNA libraries (bacterial or 
yeast artificial chromosomes (BACs or YACs, respectively), high resolution physical maps or 
collections of cytogenetically mapped DNA probes (Kim et al., 1996; Chen et al., 1996; 
Korenberg et al., 1999). This enables us to prepare case-specific probe sets suitable for 
interphase cell analyses of most patient cells within a few weeks. Once optimized, these probe 
sets allow to rapidly determine the exact number of normal chromosomes and derivative 
chromosomes in somatic cells from translocation carriers as well as their germ cells or offspring. 
So far, however, these procedures failed to produce the desired increase in pregnancy rates in 
cases where one spouse earned a balanced reciprocal translocation. Our concern is that the 
impaired homologue pairing in the carriers leads to gain or loss of other chromosomes which 
remains undetected in assays scoring only the translocation chromosomes. 

The recent introduction of Spectral Imaging (Sim) now allows one to interrogate a much larger 
number of targets, thus producing a more comprehensive picture of the chromosomal 
composition of the cells. Sim allows an investigator to discriminate an increased number of 
fluorescent probes by exciting fluorescent molecules over- a broad spectral range and by 
recording the fluorescence emission spectral using an interferometer. 

Detection of numerical chromosome abnormalities using Spectral Imaging (Sim) 

Chromosome abnormalities occur with astonishing frequency in humans, being present in 
an estimated 10-30% of all fertilized eggs. Over 25% of all the miscarriages are monosomic or 
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trisomics, making aneuploidy the leading known cause of pregnancy loss. Ideally, one likes to 
detect aneuploidy involving any of the 24 human chromosomes for preimplanation genetic 
diagnosis and prenatal diagnosis. Thus, an analytical method to enumerate as many 
chromosomes as possible in few interphase cells is highly desirable. Using a set comprised of 
seven chromosome-specific probes (chromosome 10,14,16,18,22, X and Y) hybridized to 
lymphocyte interphase nuclei, we demonstrated that Spectral Imaging system provides a 
significant improvement over conventional filter-base microscope systems for enumeration of 
multiple chromosomes in interphase nuclei (Fung et al., 1998). 

Using mostly yeast or bacterial artificial chromosome probes for cytogenetic analyses of 
blastomeres and detection of structural alterations, we are building panels of probes to 
simultaneously score 10 or more different chromosomes. Further increases in the number of 
probes is complicated due to occasional overlap of chromosome domains or local variation in 
hybridization efficiency. We developed a 10-chromosomes probe set (chromosomes 9, 13, 14, 

15, 16, 18, 21, 22, X, and Y) for the purpose of labeling DNA targets most frequently associated 
with aneuploidy and spontaneous abortions and tested its application in PGD (blastomeres from 
abnormal human preimplantation embryos) and prenatal diagnosis (uncultured amniocytes 
obtained by amniocentesis). Results demonstrated increasing levels of background fluorescence 
on different cells after hybridization in the order: (uncultured amniocytes)» (blastomeres) > 
(interphase cells from lymphocytes). All blastomeres fixed for this study (N=25) spread very 
well. Fourteen nuclei (56%) showed interpretable hybridization results, and most of them were 
karyotyped as abnormal, since all those cells were from 1PN and 3 PN human embryos, and had 
arrested development or were morphologically abnormal. The signals from 11 nuclei (44%) were 
faint. This may be related to the quality of the embryos, since all of them were developing 
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abnormally. The fixation of uncultured amniocytes on slides for Spectral Imaging analysis turned 
out to be somewhat difficult. Most nuclei were not flattened out, presenting a problem due to the 
limited focal depth. Overlapping signal domains were a problem in uncultured amniocytes, 
where only about 20% of all cells showed interpretable spreads. In summary, Spectral Imaging 
has demonstrated advantages for evaluating numerical chromosomal abnormalies in single 
interphase cells. Its utility for chromosome scoring, however, remains limited due to 
chromosome domain overlap. 

DNA microarrays (Chips) 

The DNA microarrays represent an exciting new technology with applications ranging from gene 
expression profiling to determination of gene copy number changes in tumors. We are presently 
investigating this approach in which the DNA probes are immobilized on glass slides as a 
strategy complementing FISH studies. The DNA from the embryonic cells is labeled in one color 
(e.g. red), while an equal amount of a reference DNA probe is labeled in a different color (e.g. 
green). These differentially labeled DNA are combined, denatured and hybridized to a DNA 
micro-array or “chip” in a quantitative manner. Results are obtained after reading the micro- 
arrays with specially designed fluorescence scanners as red/green or red/inffared fluorescence 
ratios. After normalization, every increase or decrease from the average ratio indicates an 
abnormal number of copies of the hybridization target. 

In practice, the DNA contained in a single cell is not sufficient to generate measurable signals. 
The commonly used protocols therefore include a DNA in vitro amplification step using a 
random primer or oligonucleotide with arbitrary sequence prior to labelling. The DNA to be 
immobilized can be obtained by standard isolation protocols or by in vitro DNA amplification. 
We use a DNA spotter based on the design published by P. Brown’s group at Stanford 
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University (Scheena et al., 1996). This allows us to spot small amounts of DNA on poly-L-lysine 
coated glass slides with a 100-200 micron pitch. A 288-spot DNA micro-array like the test array 
depicted schematically in Fig. 1 then measures no more than a few square millimeters. This 
small size of micro-arrays is an advantage over larger arrays prepared on nylon filters, because it 
requires less amount of labeled DNA sample in the hybridization reaction. 

We are presently preparing DNA test chips to develop the methods and study parameters such as 
probe preparation, hybridization conditions and chip reader performance. Our long term 
objective is the development of reliable procedures to detect structural as well as numerical 
abnormalities using a combination of ‘FISH and chip’ technology. Chips to be used in those 
studies will carry several hybridization targets per chromosome arm, thus allowing a more 
detailed gene dosage determination or delineation of full or partial aneusomies than the FISH- 


based assays. 
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Figure Legend 

Figure 1. Prototype DNA microarray for technology development. The chip contains from left to 
right: control DNA spots (6 samples), PCR amplified YAC DNA (12 clones), BAC array 1 
(46 clones for copy number determination in breast cancer research), cDNA (62 tyrosine 
kinase cDNA for expression profiling), and BAC array 2 (24 clones for chromosome 
enumeration in PGD). All samples are spotted in duplicate. The total number of DNA spots 
of 300 arrayed with a 180 micrometer pitch leads to array dimensions of 2.08 mm x 4.42 
mm. Each slide contains 2 identical microarrays. 
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Summary 

HER-2/neu is overexpressed on a variety of human adenocarcinomas and overexpression has 
been associated with a poor prognosis. For this reason, HER-2 has become an attractive target 
for immunotherapy. To facilitate testing of anti-HER-2-monoclonal antibodies (MAbs) and 
immunotoxins (ITs), we have evaluated the in vivo growth and metastatic spread of three HER-2 
overexpressing human breast cancer cell lines (BT474, MDA-MB-453 and HCC1954) and one 
ovarian cancer cell line (SKOV3.ipl) in pre-irradiated male SCID mice using subcutaneous 
(s.c.), intravenous (i.v.) and intraperitoneal (i.p.) routes of injection. All the cell lines tested grew 
as s.c. tumors and the growth of BT474 and MDA-MB-453 cells after s.c. injection was 
improved by co-inoculation with Matrigel. Metastases to the lungs were detectable by PCR or 
histopathology after s.c. injection of BT474 and to a much lesser extent after s.c. injection of 
HCC1954, MD-MB-453 and SKOV3.iplcells. I.P. injection of HCC1954 and SKOV3.ipl cells 
produced fatal ascites while i.v. injection of SKOV3.ipl, but not BT474 or MDA-MB-453 cells, 
resulted in infiltration of lungs and death within 9-11 weeks. 


Key words', breast cancer, in vivo tumor models, Her-2/neu, Metastasis, SCID mice, soluble Her- 
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Introduction 


The human homologue of the rat neu oncogene (HER-2, erbB-2) belongs to the EGF receptor 
family (1). The HER-2 protein product (pi 85) is overexpressed on 30% of all breast cancers (2) 
and there is considerable evidence that the overexpression of HER-2/neu is associated with a 
highly malignant tumor phenotype since transfection of the HER-2 gene into HER-2' tumor cells 
leads to an increase in both metastatic behavior and aggressive in vivo growth (3,4). 

Accordingly, overexpression of HER-2 on tumors from breast cancer patients correlates with a 
shorter time to relapse and decreased survival (5). Since HER-2 is expressed at lower (normal) 
levels in many normal tissues (6), it makes an attractive target for immunotherapy. Some 
monoclonal antibodies (MAbs) raised against HER-2 inhibit the in vitro and in vivo growth of 
HER-2 overexpressing cells (7). Anti-HER-2 immunotoxins (ITs) and radioimmunoconjugates 
also show efficacy both in vitro and in vivo in animal xenograft models (7,8). The humanized 
anti-HER-2 MAb, 4D5 (Herceptin™), has been approved by the FDA and has demonstrated 
increased survival of relapsed patients with HER-2-overexpressing tumors (9). 

Despite the documented aggressive behavior of HER-2 + breast cancer tumors, few in vivo 
models of xenografted HER-2-overexpressing breast cancers have been described (see Table 3). 
Hence, HER-2-based therapeutics are usually tested in vivo on tumor cell lines transfected with 
the gene for HER-2 (10-12) or on naturally HER-2-overexpressing cancer cell lines of other 
origin, like the ovarian cell line SKOV3 (10,13). We wished to develop an in vivo model for 
testing MAb-based anti-HER-2 therapy on naturally HER-2 overexpressing human breast cancer 
in a setting of minimal residual disease (MRD). Thus, in an animal model with localized tumor 



growth that metastasizes to distal sites, the local tumor could be surgically removed and/or 
treated with chemotherapy or radiation and the metastases then treated with immunotherapy. 

Our results suggest the BT474 cell line metastasizes to lungs and kidneys in pre-irradiated SCID 
mice. Furthermore, levels of sHER-2 in the sera parallel tumor growth after s.c. injection. This 
will provide a useful model in which to further address the efficacy of MAb constructs in treating 
metastatic minimal residual disease. 




Materials and Methods 


Mice 

Male CB.17-SCID/SCID mice, originally from Dr. Bosma’s colony at Fox Chase Cancer Center 
were bred at the Carolinas Medical Center. The use of animals in this study was approved by the 
UT Southwestern Medical Center Institutional Animal Care and Use Committee, based on 
compliance with NIH guidelines for the care and use of laboratory animals. Mice were housed in 
a pathogen-free facility without prophylactic antibiotics. Sera were screened by ELISA for the 
presence of mouse immunoglobulin (Ig) and mice with serum levels exceeding 10 ug/ml were 
considered leaky and were not used (14). All manipulations were performed in a laminar flow 
hood. 

Cell lines 

The human breast cancer cell lines BT474 (15), MDA-MB-453 and MDA-MB-435 (16) were 
kindly provided by Dr. J. Price, M.D. Anderson Cancer Center, Houston. The breast cancer cell 
line, HCC1954, was recently established from a ductal carcinoma by Gazdar etal (17). 
SKOV3.ipl is a variant of the ovarian cancer cell line SKOV3 with higher HER-2 expression, 
isolated from the ascites of a SCID mouse (18). All cell lines were maintained as monolayer 
cultures in minimum essential medium (MEM, GIBCO BRL, Grand Island, NY) supplemented 
with 1% vitamins for MEM, 2mM L-glutamine, 0.1 mM non-essential amino acids, 1 mM 
sodium pyruvate, 1% Hepes buffer (all from GIBCO) and 10% heat-inactivated fetal calf serum 
(FCS, Hyclone, Logan, Utah). Cultures were grown in 37°C at 5% C0 2 and cells were passaged 
either every four days or when 70% confluent. Prior to passage, cells were removed from the 
flasks with trypsin/EDTA and washed (GIBCO BRL). All cell lines were free of mycoplasma. 



Collection of culture supernatants (SNs) from tumor cell lines 

SNs were prepared by seeding lxl0 6 tumor cells in 25 cm 2 tissue culture flasks (Falcon /Becton 
Dickinson Labware, Lincoln Park, NJ) in 4 ml of medium. SNs were collected after 5 days. 

Cells were removed by centrifugation at 2000 RPM after which the SNs were filtered through a 
0.22 um filter and stored at -20° C. 

MAbs 

The mouse anti-HER-2 MAbs used in this study were generated in our laboratory by immunizing 
mice with the extracellular domain of human Her-2 and screening the MAbs on both plate-bound 
HER-2 and HER-2 + cells. HER50, HER66 and HER81 are IgGjKS which recognize three 
different epitopes on the extracellular domain of HER-2 (as determined by crossblocking 
experiments). None of the MAbs recognizes the EGFR, HER-3 or HER-4. MAbs were purified 
by affinity chromatography of hybridoma culture SNs on Sepharose protein G (Pharmacia, 
Piscataway, NJ). 

Flow cytometry 

Immunofluoresent staining of tumor cells was carried out using the anti-HER2 MAb, HER81. 
lxlO 6 unfixed, trypsinized cells, suspended in PBS with 5% normal rat serum (NRS, Cappel 
Research Products, Durham, NC), were incubated on ice for 20 min with 1 ug of HER81 or an 
isotype matched control MAb (MOPC-21). Cells were then washed twice with cold PBS and 
incubated on ice for 20 minutes with a 1/500 dilution of FITC-conjugated goat anti-mouse IgG 
(GAMIg) absorbed with human serum (Sigma Immunochemicals, St.Louis. IL). Cells were 



washed, fixed in 1% paraformaldehyde and maintained at 4° C until they were analyzed on an 
Epics-profile II (Coulter Co, Hialeah, FL). 

Injection of tumor cell lines 

Cells were harvested after treatment for two minute with 0.05% Trypsin/EDTA followed by one 
wash in medium and two washes in Hank’s balanced salt solution (HBSS, GIBCO). Cell 
viability was determined by trypan blue dye exclusion and cell numbers were determined using a 
hemocytometer. In some experiments, cells were mixed with an equal volume (100 ul) of ice 
cold Matrigel (Becton Dickinson). The original formulation of Matrigel matrix containing phenol 
red was used. 2 x 10 6 cells in 100 ul HBSS were injected into SCID mice (irradiated 24 hours 
previously with 150 cGy) either i.p., s.c. on the lateral flank, or i.v. via the tail vein. 

Measurement of tumor volume 

The diameter of s.c. tumors were measured once a week using venier calipers. The volume was 
calculated according to a published formula; mm 3 = length x (width) 2 x Vi (19). 

Polymerase chain reaction (PCR) 

DNA was extracted from dissected organs using the QIAmp tissue DNA purification kit from 
Qiagen Inc., Chatsworth, CA, following the manufacturer’s recommended protocol. DNA 
samples were stored at -20°C until further use. Human DNA was detected by PCR amplification 
of a 300 base pair fragment using primer pairs for specific for the human RNA polymerase II 
gene, as previously described by Bai et al. (20). The primer pairs were 5’- 
GCATCAAATACCCAGAGACG-3’ and 3 ’ -CCACGTGAAACACAGGCTTG-5 ’. 


Amplification reactions in the presence of 2.5 units Taq DNA polymerase (Promega, Madison, 
WI), were carried out at 95°C for two minutes followed by 34 cycles of 94°C for 0.5 minutes, 
60°C for 0.5 minutes and 72°C for one minute in a Perkin-Elmer DNA thermal cycler 480. A 
final extension at 72°C for 10 minutes was added after the 34 cycles. The PCR-amplified 
product was electrophoresed in 2% agarose gels and the DNA was visualized by ethidium 
bromide staining and UV transillumination. DNA from 10 human breast cancer cells mixed with 
100 ng SCID mouse DNA (equivalent to lxl0 5 cells) could be detected in this assay (data not 
shown). 

Peritoneal lavage 

The perioneal cavities of SCID mice injected i.p. 10 weeks earlier with HCC1954 cells were 
flushed once with 3-5 ml of HBSS containing 5% FCS. Recovered cells were resuspended using 
a syringe and a 21 gauge needle followed by filtration through a nylon mesh. Cells were 
analyzed by flow cytometry the same day. Other lavage samples were placed in tissue culture 
flasks without further cell suspension and were photographed using an Olympus SC35 camera 
mounted on an inverted Olympus CK2 microscope. 

Immunohistochemistry 

Mouse tissues were fixed in 10% buffered formalin for at least 24 hours and then mounted in 
paraffin. Immunohistochemical staining was performed by the UT Southwestern Pathology 
Immunohistochemistry Laboratory using a BioTek Solutions TechMate 1 " 1 1000 automated 
immunostainer (Ventana Bio Tek Systems, Tucson, AZ). 3 um paraffin sections were 
immunostained with affinity-purified rabbit anti-human c-erbB-2 (Dako Co, Carpinteria, CA) 



followed by biotinylated goat anti-rabbit Ig. Positive reactions (dark brown) were visualized by 
horseradish peroxidase-conjugated Streptavidin-biotin complex and diaminobenzidine (DAB). 
Sections were counterstained with hematoxylin. 

Levels of soluble HER-2 (sHER-2) in blood or tissue culture supernatants (SNs) 

200 uls of blood were collected from the tails of tumor-bearing SCID mice and levels of sHER-2 
were measured using an ELISA with either a commercially available ELISA kit from Oncogene 
Research Products (Calbiochem, Cambridge, MA) or a sandwich ELISA developed with our 
own anti-HER-2 MAbs. For the latter, 96-well ELISA plates (Coming) were coated with 1.5 
ug/well of the mouse anti-human HER-2 MAb, HER50, overnight at 4°C. Dilutions of culture 
SNs or serum samples in PBS/0.1% bovine semm albumin (BSA) were added and incubated at 
room temperature for 2 hours. Plates were overlayed with 1.9 ug/ well of biotin-conjugated 
HER66 and incubated overnight at 4°C. The plates were then washed four times with PBS/0.02% 
Tween. A 1/10,000 dilution of alkaline phosphatase-conjugated extravedin (Biosource) was 
added. After incubation at room temperature for two hours, cells were washed four times. The 
amount of bound secondary antibody was measured by the hydrolysis of paranitrophenyl 
phophate substrate (Sigma Chemical Co) at 405 nm in a Thermomax microplate reader 
(Molecular devices Co., Menlo Park, CA). The amount of sHER-2 was extrapolated from the 
HER-2 (pi85, Oncogene Research Products) standard curve and expressed as units. The limit of 
detection of this assay was 45 U of sHER-2/ml. 



Results 


Surface expression of HER-2 on tumor cell lines 

Four tumor cell lines that overexpressed HER-2 were selected for this study. In accord with 
previous reports (17,21) (18), high levels of membrane HER-2 could be detected with MAb 
HER81 on the breast cancer cell lines BT474, HCC1954 and the ovarian tumor cell linesSKOV3. 
ipl while intermediate levels of HER-2 were expressed on the breast cancer cell line MDA-MB- 
453 (data not shown). 

In vivo growth of tumor cell lines in SCID mice 

In order to evaluate the in vivo growth of these cell lines in SCID mice, 1-2 x 10 6 suspended cells 
were inoculated into pre-irradiated male SCID mice. Different routes of injection were evaluated 
[s.c. ± basement membrane matrix (Matrigel), i.p. and i.v.]. The mice were followed for up to 16 
weeks. The take rate for each cell line is described in Table 1. 

i. s.c. inoculation . 

All cell lines formed s.c. tumors when injected on the lateral flank. Tumor volumes after s.c. 
injection with or without Matrigel are shown in Figure 2. BT474, HCC1954 and MDA-MD-453 
formed s.c. tumors considerably more slowly than SKOV3.ipl. Both BT474 and MDA-MB-453 
had improved take rates and grew more rapidly if the tumor cells were co-injected with Matrigel 
(Table 1 and Figure 2). HCC1954 s.c. tumors varied considerably in size between individual 
mice. These tumors often developed necrotic areas that were shed, while the underlying tumor 
tissue continued to grow. This was the case both for HCC1954 tumors co-injected with Matrigel 
and for tumors injected without Matrigel. 



ii. i.p. inoculation . 

As described (18), the ovarian cell line SKOV3. ipl grew very aggressively after i.p. injection 
resulting in death of the animals within 4-5 weeks. Likewise, SCID mice injected with lxl 0 6 
HCC1954 cells i.p. developed fatal ascites with liver and kidney infiltration within 8-15 weeks. 
Autopsy revealed large plaques of tumor cells growing on the peritoneal wall. Cells recovered 
through peritoneal lavage were organized in three dimensional structures resembling mammary 
ducts (Figure 3 A). These cells retained strong HER-2 expression, as determined by flow 
cytometry (Figure 3B). When the peritoneal lavage cells were returned to tissue culture, the cells 
a gain grew as adherent monolayers and the three dimensional structure was lost. Furthermore, 
we observed modest ascites in 2 out of 5 SCID mice inoculated i.p. with MDA-MB-453, whereas 
there was no evidence of ascites growth of BT474 after i.p. injection into 10 mice (with the 
exception of one mouse were tumor growth in the kidney was detected by PCR ). 

iii. i.v. inoculation. 

I.V. inoculation of HCC1954 was not studied since it led to immediate death of the mice due to 
the formation of emboli. This could not be avoided by injecting fewer cells, re-suspending the 
cells, or filtering the cells. SKOV3.ipl cells rapidly infiltrated the lungs after i.v. injection and 
death of the mice occurred within 9-11 weeks. At this time, large macroscopic tumors were 
observed in the lungs. However, no infiltration of spleen, liver, kidney, pancreas, testis or bone 
marrow could be detected, neither by histopathology nor by PCR. In the case of i.v. injected 
BT474 cells, no tumor cells were found in the lungs, but one of five mice examined had PCR- 



detectable tumor cells in kidney, pancreas and testes. There was no evidence of tumor growth 
after i.v. inoculation of MDA-MB-453 cells. 

Metastatic Growth 

All surviving mice were sacrificed at 15-16 weeks and necropsied. Major organs, bone marrow 
(BM) and blood were collected and either preserved in 10 % buffered formalin for 
histopathology or frozen for later PCR evaluation. The metastatic growth of the tumor cell lines 
was evaluated by histopathology and/or by PCR amplification of a sequence of the human RNA 
polymerase gene (Figure 4). A 300 bp fragment was amplified in DNA from SCID mouse tissue 
containing human tumor cells but not in DNA from normal SCID mice (data not shown). 
Metastatic lesions, observed by histopathology, were usually very small and rarely consisted of 
more than approximately 10 cells with only one or two foci per section. A summary of 
metastastatic growth by the different cell lines is shown in Figure 5. 

In all cases of s.c. tumors, metastases were only found when the s.c. tumor had a volume larger 
than 800 mm 3 Of all the cell lines injected s.c., BT474 metastasized most frequently and 
metastases could be detected both by histopathology and by PCR. Only one case of PCR 
amplification of human RNApolymerase in BM could be found (HCC1954 injected s.c.) among 
60 examined mice. 

In some mice metastases were also observed in lungs and kidney after i.p. injection. In two of 
five mice injected i.p. with MDA-MB-453 tumors acscites development was evident and tumors 
could also be detected in lung by PCR. However, tumor growth in the lungs could not be 


confirmed by histopathology. Lungs from five mice with massive growth of HCC1954 cells in 
the peritoneum were examined by PCR. In two of these human RNApolymerase was amplified. 
Again, these results could not be verified by histopathology. Multiple organs in the peritoneum 
as well as lungs were examined by PCR in mice injected i.p. with BT474 cells. Only one case of 
PCR amplification could be found and this occurred in the kidney. In mice injected with 
SKOV3.ipl, metastatic growth outside the peritoneal cavity was not evident based on gross 
pathology. Metastases to lungs or BM in these mice were not examined by PCR or 
histopathology since SKOV3.ipl has already been reported not to metastasize from the 
peritoneum (18). 

As already mentioned, i.v. injection resulted in macroscopic lung tumors in mice injected with 
SKOV3.ipl. however, using PCR or histopathology, we could not identify tumors cells in other 
organs or in the BM of these mice, nor did we find evidence of tumor growth in any organ in 
mice injected i.v. with MDA-MB-453 or BT474 (with the exception of one mouse). 

Surface expression ofHER-2 on metastatic BT474 cells 

Immunohistochemistry was performed on paraffin embedded lung tissue from SCID mice 
injected s.c with BT474 tumor cells suspended in Matrigel to verify that the xenografted tumors 
still expressed HER-2 after growth in vivo. As shown in Figure 6, HER-2 expression was 
preserved in BT474 cells which had metastasized from the s.c. site to the lung. 



Release of sHER-2 into the serum of tumor-bearing SCID mice 

Previous reports have shown that the extracellular portion of HER-2 can be shed from the 
surface of HER-2 overexpressing tumors (22) and that soluble HER-2 (sHER-2) can be detected 
in the sera of tumor-bearing mice (23,24). To verify that the HER-2 + tumor cell lines released 
HER-2, cell-free culture SNs from confluent tumor cell cultures were assayed for the presence of 
sHER-2 by ELISA. As shown in Table 2, all the HER-2-overexpressing tumors released large 
amounts of sHER-2 into the culture medium, whereas no sHER-2 could be detected in SNs from 
the HER-2' MDA-MB-435 cell line. Intermediate levels of sHER-2 was detected in culture SNs 
from MDA-MB-453 cells, which express less surface HER-2 as compared to BT474, HCC1954 
and SKOV3. ipl {24895 and Figure 1). 

To determine whether the growth of the HER-2 + tumors in SCID mice was accompanied by 
increased serum levels of sHER-2, sera collected at the time of death were also assayed for 
sHER-2s. As can be seen in Figure 7, virtually all SCID mice with s.c. tumors had detectable 
levels of sHER-2 in their sera at the time of death and the levels of sHER-2 correlated with the 
s.c. tumor burden. Likewise, growth of SKOV3 ip.l tumors, following i.v. injection, resulted in 
high levels of sHER-2 in sera (Table 2). Peritoneal growth of HCC1954 also resulted in very 
high levels of sHER-2. Furthermore, two out of five SCID mice inoculated i.p. with MDA-MB- 
453 had detectable serum levels of sHER-2 at the time of death (Table 2). These mice had 
modest ascites formation and tumor cells were also detected in lungs by PCR. No sHER-2 was 
detected in the sera of SCID mice injected i.p. or i.v. with BT474 tumor cells or i.v. with MDA- 



MB-453 cells (Table 2). sHER-2 could not be detected in sera from normal SCID mice or from 
SCID mice carrying large (> 1000 mm3) MDA-MB-435 s.c. xenografts (data not shown). 




Discussion 


We have developed a panel of apoptosis-inducing HER-2 MAbs several of which also make 
potent immunotoxins when conjugated to ricin toxin A-chain (RTA). In order to test these 
reagents in vivo, it would be highly desirable to have a mouse xenograft model in which human 
HER-2- overexnressing breast tumors would grow locally and predictably metastasize. In such a 
model, one could then surgically remove or conventionally treat the primary tumor and evaluate 
the efficacy of these reagents on the residual metastatic disease. Unfortunately, there are only a 
few in vivo models of HER-2-overexpressing human breast tumors in mice and metastatic 
growth of these tumors has only been partly evaluated (Summarized in Table 3). A number of 
HER-2- non-overexpressing breast cancer cell lines have been found to metastatize in vivo 
(25049}(25-28) but these are not suitable for anti-HER-2 MAb therapy. For this reason, 
naturally HER-2- overexpressing ovarian and gastric cancer cell lines (10-12) or HER-2 
transfected NIH3T3 fibroblasts (10,29-31) have instead been utilized. 

The objective of this study was to develop a more useful in vivo model of metastatic HER-2- 
overexpressing breast tumors. The major findings to emerge from this study are as follows: 1. 
Three HER-2 overexpressing breast cell lines, BT474, MDA-MB-453 and HCC1954, as well as 
the ovarian cancer cell line SKOV3.ipl grew as s.c. tumors; the SKOV3.ipl tumors grew most 
rapidly. Co-injection of Matrigel enhanced the s.c. growth of BT474 and MDA-MB-453 tumors 
but not HCC1954 tumors. Matrigel did, however, improve the rate of take of the HCC1954, 
BT474 and MDA-MB-453 cell lines. 2. After s.c. injection of BT474, the cells routinely 
metastasized to the lung and occasionally to the kidney. However, in contrast to a previous 
report (32), BT474 did not metastasize to lymph nodes in our studies. In some cases, lung 



metastases were observed after s.c. injection of HCC1954 and MDA-MB-453 cells. Metastatic 
spread to the bone marrow was only found in one mouse injected s.c. with HCC1954. 3. After 
i.v injection, SKOV3.ipl grew in the lung, but BT474 and MDA-MB-453 did not. 4. HCC1954 
grew aggressively in all mice after i.p. injection, but spread to the lung in only 40% of the mice. 
HCC1954 formed ductal shapes in the peritoneum after i.p. injection but these structures could 
not be maintained in vitro. 5. sHER-2 could be detected in sera from all mice injected s.c. with 
tumor cells and the levels correlated with the tumor burden as well as with the level of 
overexpression of HER-2 on the particular tumor cells used. Taken together these findings 
suggest that the BT474 cell line best satisfies the criteria of a localized HER-2-overexpressing 
tumor which predictably metastasizes and where HER-2 expression is maintained. 

The in vivo growth of BT474 after s.c. inoculation has been reported in both nude and 
beige/nude/xid mice with metastases in lymph nodes and lungs (Table 3). However, estrogen 
supplementation was required to achieve consistent tumor growth (32,33). Since it has been 
shown that estrogen can modulate HER-2 expression (34,35) it would be preferable to have an in 
vivo model where the use of estrogen would not be required. In nude mice, BT474 grew without 
estrogen after orthotopic injection with Matrigel into the mammary fat pads (mfp) (36), but 
metastatic spread was not evaluated. We used male SCID mice and we observed a 100% take 
rate without estrogen supplementation when the BT474 cells were co-inoculated s.c. with 
Matrigel. Several reports have indicated that SCID mice may be better suited for xenografting 
than nude mice with regard to both a higher take rate and more routine metastatic growth (37- 
39). In addition, breast cancer xenografts metastasized more readily to lungs in SCID mice 
compared to bg-nu-xid and nude mice (36). Furthermore, sub-lethal whole-body irradiation of 



SCID mice prior to tumor inoculation has been shown to improve take rates for a number of 
tumor cell lines (40). Hence, the use of pre-irradiated SCID mice in this study may contribute to 
a better take rate and enhanced rate of metastases, particularly after co-inoculation with basement 
membrane Matrigel (36,41). Orthotopic injection of breast cancer cells into the mips of female 
mice improves tumor take (36). However, since we only used male mice (which are less costly 
and easier to obtain), mfp injection was not evaluated. Our results demonstrate that male SCID 
mice can be used to grow metastatic HER-2-overexpressing breast tumors. 

The newly established HCC1954 cell line (17) had not been previously evaluated for in vivo 
growth. We observed that it grew very aggressively after i.p. injection with retained HER-2 
expression in vivo. This cell line was established from a primary ductal carcinoma and the 
peritoneal tumors recovered from ascites fluid were organized in large three-dimensional 
structures with a ductal shape. We found metastases to the lungs in 2 of 5 mice by PCR, 
however, metastases could not be confirmed by histopathology. Although great care was taken to 
remove the lungs before opening the peritoneal cavity during autopsy it is possible that the lung 
tissue was contaminated with HCC1954 cells due to the large tumor burdens. HCC1954 could be 
a useful model for studying therapies of “ductal” tumors growing in the peritoneum. 

MDA-MB-453 has been utilized extensively for in vitro studies, but in vivo growth has not been 
reported. This cell line grew relatively poorly in vivo and since it also expresses lower levels of 
HER-2, it is not ideal for studies involving anti-HER-2 MAb therapy. 

As has been reported previously using MDA-MB-435 cells (26), the occurrence of 



metastases of BT474, HCC1954 and MDA-MB-453 tumor cells to lung, kidney and bone 
marrow was related to the size of the s.c. tumor and was only detected in mice with the largest 
s.c. tumors. Although SKOV3.ipl grew rapidly and formed very large s.c. tumors, we only 
detected tumor cells in the lung in one of seven mice. However, mice injected with the 
SKOV3.ipl cells had to be sacrificed earlier (up to 5 weeks) than the mice with BT474, 
HCC1954 or MDA-MB-453 tumors due to weight loss and the large size of the tumors. It is 
possible, therefore, that this was too early for metastatic growth. In tumor models where 
metastatic development is desirable it may even be advantageous if tumor progression is slow, so 
that metastases can develop. Furthermore, we observed a fairly large variability in the size of the 
s.c. tumors in individual mice. It may be necessary to exclude mice with s.c. tumors below a 
certain size if metastases after surgical removal of the primary tumor are to be studied. 

Surprisingly, we did not find any tumor growth in the lungs after i.v. injection of BT474 cells, 
even though these cells could metasasize to lung after s.c. injection. The reason for this could be 
that s.c growth is necessary to select for a supopulation of BT474 with metastatic properties 
which is then capable of growth at other locals. This is supported by the finding that repeated 
passages in vivo can lead to a population with increased metstatic potential. 

Shedding of the extracellular portion of HER-2 appears to be common for many HER-2 + tumors 
(22,23,42) and sHER-2 has also been detected in sera from cancer patients (23,43-45). The 
correlation between levels of sHER-2 and tumor burdens may be useful for monitoring tumor 
development and treatment in general. On the other hand, it is of some concern that the high 
levels of sHER-2 present in sera may interfere with anti-HER-2 MAb-based tumor therapy since 



sHER-2 can neutralize anti-HER-2 MAbs in vitro (46). Levels of sHER-2 may decrease, 
however, by removing the primary tumor prior to treatment of the metastatic lesions, or after 
chemotherapy. 

In the case of lacZ-transfected, MCF-7 breast cancer xenografts (47), removal of the primary 
subcutaneous (s.c.) resulted in enhanced progression of micrometastases in lymph nodes and 
bone. Whether lung metastases from s.c. BT474 tumors will also increase after surgical removal 
of a primary tumor remains to be evaluated. 

In conclusion, s.c. injection of the HER-2-overexpressing BT474 cell line leads to routine 
metastic growth in the lungs where the tumors retain their HER-2 phenotype. This should 
provide a model for studying HER-2-based immunotherapies to treat MRD after removal of the 
primary tumor. 
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Table 1. Tumor take in SCID mice after injection via different routes 1 


Cell Line 

Injection Route 


S.C. 

i.p. 

i.v. 

+ Matrigel 

-Matrigel 

BT474 

lO/lO 2 

7/10 

1/10 

1/10 

HCC1954 

9/9 

6/9 

10/10 

Id? 

MDA-MB-453 

9/10 

7/10 

2/5 

0/5 

SKOV3.ipl 

5/5 

10/10 

3/3 

10/10 


] The tumor cell lines were considered to be successfully xenografted if, at the end of the 
experiment, the s.c. tumor had a volume >250mm 3 , or if macroscopic tumors in tissues were 
evident, or if tumors were observed by histopathology, or if PCR amplifications of human DNA 
occurred. 

2 Number of mice with tumor / total number of mice 


^.D. = Not Done 


















Table 2. sHER-2 in culture SNs and sera of tumor-bearing mice 


Cell line 

sHER-2 in 

SNs 

(Units/ml) 1 

sHER-2 in sera fror 
tumor cells 

i.p. route 

n mice injected with 
(Units/ml) 2 
ia 

i.v. route 

BT474 

3400 

0 

0 

HCC1954 

2270 

75000+/-29017 

n.d. 

MDA-MB-453 

937 

1040,780 

0 

SKOV3. ipl 

2590 

n.d. 

4683 +/- 4045 

MDA-MB-435 

0 

n.d. 

n.d. 


1 Cell free culture SNs were collected from confluent cell cultures on day 5. 

2 Sera was collected from 5-9 mice at the time of death (16 weeks for BT474 and MDA-MB-453, 
8-11 weeks for HCC1954,9 weeks for SKOV3.ipl) 








































Figure Legends 

Figure 1. Mean tumor volume of s.c. tumors after injection with or without Matrigel. l-2x 10 6 
cells, suspended in PBS with (o) or without (•) 50% Matrigel, were injected s.c. into SCID mice. 
Tumors were measured once a week using calipers. Mean of 8-10 animals ± standard deviation 
is shown. 

Figure 2. Characterization of HCC1954 cells recovered by peritoneal lavage after i.p.injection 
into SCID mice. (A) HCC1954 cells form ductal shapes during in vivo growth. Photographs 
were taken of HCC1954 cells recovered from the peritoneum 10 weeks after tumor cell 
inoculation. Magnification 200x (B) HER-2 expression as determined by flow cytometry. Single 
cell suspensions were prepared from the cells shown in Panel A. Cells were then stained with the 
anti-HER-2 MAb HER81 (lower panel) or with an isotype-matched, irrelevant control IgG 
(MOPC-21) (upper panel). Numbers shown in the panels represent % positive cells. 

Figure 3. PCR detection of human DNA in mouse lung. Tissues were harvested from a SCID 
mouse 16 weeks after injection with the human breast cancer cell line BT474 and frozen. DNA 
was extracted from tissue lysates. PCR reactions included 50-100 ng of DNA and primers which 
amplified a 300 bp fragment from the human RNApolymerase II gene (Lanes 3-11). GAPDH 
was amplified as a control (Lanes 12-20). Lane 1= No sample, Lane 2 = DNA size markers. 
Lane 3 and 12 = No DNA added (negative controls), Lane 4 and 13 = s.c. tumor (positive 
controls), Lane 5 and 14 = Kidney, Lane 6 and 15 = Lung, Lane 7 and 16 = Spleen, Lane 8 and 
17 = Liver, Lane 9 and 18 = Pancreas, Lane 10 and 19 = Testis, Lane 11 and 20 = Bone marrow. 
Lane 21 and 22 = No sample. 



Figure 4. Metastatic growth of tumors as determined by PCR. Mice were sacrificed when 
moribund or at 16 weeks after tumor inoculation. PCR was performed on DNA purified from 
frozen tissues as described in the legend to Figure 4. Numbers in parenthesis indicate the 
number of animals examined. Lung metastases were evident by macroscopic evaluation in mice 
injected i.v. with SKOV3.ip. 1. Only lungs and hearts were examined in mice injected i.p. with 
HCC1954 cells. 


Figure 5. HER-2 expression by metastatic tumor cells in situ . Immunohistochemistry was 
performed on formalin-fixed, paraffin-embedded lung tissue from mice injected s.c. 16 weeks 
earlier with BT474 cells. The size of the bar is 200 nm. 

Figure 6. Correlation of s.c. tumor size and the levels of sHER-2 in sera. Sera was collected 
from SCID mice with s.c. tumors larger than 250 mm 3 at the time of death (14-16 weeks after 
tumor inoculation for BT474, HCC1954 and MDA-MB-453 and 9-11 weeks for SKOV3.ipl). 
The levels sHER-2 was measured by ELISA as described in Materials and Methods. Each dot 
represents one mouse. The correlation coefficients for the respective cell lines were; 0.71 for 
BT474,0.52 for HCC1954, 0.43 for MDA-MB-453 and 0.59 for SKOV3.ipl. 



